The effect of effluent irrigation on community composition and function of ammonia-oxidizing bacteria (AOB) in soil was evaluated, using techniques of molecular biology and analytical soil chemistry. Analyses were conducted on soil sampled from lysimeters and from a grapefruit orchard which had been irrigated with wastewater effluent or fertilizer-amended water (FAW). Specifically, comparisons of AOB community composition were conducted using denaturing gradient gel electrophoresis (DGGE) of PCR-amplified fragments of the gene encoding the ␣-subunit of the ammonia monooxygenase gene (amoA) recovered from soil samples and subsequent sequencing of relevant bands. A significant and consistent shift in the population composition of AOB was detected in soil irrigated with effluent. This shift was absent in soils irrigated with FAW, despite the fact that the ammonium concentration in the FAW was similar. At the end of the irrigation period, Nitrosospiralike populations were dominant in soils irrigated with FAW, while Nitrosomonas-like populations were dominant in effluent-irrigated soils. Furthermore, DGGE analysis of the amoA gene proved to be a powerful tool in evaluating the soil AOB community population and population shifts therein.
Agricultural irrigation with wastewater effluent is a common practice in arid and semiarid regions, and it is used as a readily available and inexpensive option to fresh water. However, irrigation with effluent has possible public health and environmental side effects, as effluents may contain pathogens and high levels of sodium, dissolved organic carbon, detergents, and toxic metals (22) . Furthermore, the addition of such a "mixed bag" of compounds may cause significant shifts in structure and function of a microbial community, which in turn may influence the viability of the soil for agriculture. One important group of organisms that may be affected is the chemolithotrophic ammonia-oxidizing bacteria (AOB). The AOB, which are responsible for the first, rate-limiting step in nitrification in which ammonia (NH 3 ) is transformed to nitrate (NO 3 Ϫ ) via nitrite (NO 2 Ϫ ), play a critical role in natural nitrogen cycling (9, 21) .
The AOB have previously been demonstrated to be affected by a variety of chemical conditions including, but not limited to levels of ammonium, organic matter, O 2 , toxic metals, salt, and pH (6, 11, 17, 21, 24, (29) (30) (31) . Traditional biological methods to study the AOB are extremely time-consuming and generally unrepresentative, as the AOB exhibit slow growth rates, low biomass yields, and a limited number of distinguishing phenotypic characteristics (26) .
To address these concerns, molecular methods may be implemented. Application of molecular techniques targeting the 16S ribosomal DNA (rDNA) of the AOB has shown that this group is comprised of two monophyletic lineages within the class Proteobacteria. These lineages include the genus Nitrosococcus in the ␥ subgroup and the two genera Nitrosospira (containing the former genera Nitrosovibrio and Nitrosolobus) and Nitrosomonas in the ␤ subgroup (7) . One major drawback of using the 16S rRNA gene as a molecular marker for cultivation-independent study of AOB in environmental samples is that PCR primers targeting the 16S rDNA gene may crossreact with members of other phylogenetic and physiological groups (23, 28, 32) . Furthermore, 16S rDNA sequence similarity among different AOB is so high that only limited phylogenetic information can be obtained using this gene as a molecular marker, and none of the published PCR primers and probes for detection of these organisms in the environment show both 100% sensitivity and 100% specificity (1, 27) . Alternatively, the functional gene encoding the ␣-subunit ammonia monooxygenase (amoA), found only in AOB, has been shown to be useful as a specific molecular marker in environmental studies of AOB (28, 30) . The successful use of a highly specific set of PCR primers to amplify a fragment of amoA from a variety of pure cultures of ␤-subgroup AOB and environmental samples was previously demonstrated (8, 14, 27, 28, 30) . In addition, Purkhold et al. (27) have demonstrated that the phylogeny of the amoA gene corresponds with the phylogeny of the 16S rDNA of these bacteria. Denaturing gradient gel electrophoresis (DGGE) is a powerful tool for analyzing microbial communities and has been used to separate mixed PCR products (13, 18, 20, 35, 36) , including those of AOB 16S rDNA fragments (5, 12, (14) (15) (16) 31) . However, DGGE analysis of 16S rDNA fragments amplified with AOB-specific primers did not adequately resolve environmental populations of AOB (5, 12, (14) (15) (16) 31) .
In this study we examined the impact of soil irrigation with effluent on the community composition of autotrophic AOB. Total DNA was extracted from lysimeter and orchard soils irrigated with effluent or fertilizer-amended water (FAW) and from the effluents used for irrigation. DGGE analyses of PCRamplified amoA gene fragments from the respective soils were conducted in tandem with chemical analyses.
MATERIALS AND METHODS
Soil, irrigation, and experimental setup. The studies were conducted in two types of experimental systems, lysimeters and orchard soil. The lysimeters consisted of asbestos containers that were 120 cm high with a surface area of 0.5 m 2 , yielding a total soil volume of 600 liters. The lysimeters contained a sandy loam soil (Hamra) which was obtained from the coastal plain in Israel. The chemical and physical properties of the soils are summarized in Table 1 . The lysimeters received one of two water treatments: drip irrigation with secondary effluent of treated urban sewage from the Shomrat reservoir located near Ackre in Israel, or drip irrigation with FAW amended with nitrogen (in the form of ammonium sulfate), phosphorus (monopotassium phosphate), and potassium (potassium chloride and monopotassium phosphate) at concentrations similar to those in the effluent. The ammonium concentration in the FAW was designed to be similar to the sum of ammonium and organic nitrogen concentrations in the effluent. The properties of the irrigation waters are summarized in Table 2 . Each treatment was conducted in triplicate in separate lysimeters, each growing maize. Two lysimeters with no plants, one irrigated with FAW and the other with effluent, were also maintained. Irrigation of the lysimeters began in July 1998, and soil was sampled for AOB analysis during the second season of maize growth, which began in June 1999. The lysimeters were sampled on days 25, 55, and 82 after maize seeding during the second growth season (referred to as the first, second, and third samplings, respectively) from different horizontal holes located at two sampling depths, 15 and 65 cm below the upper rim (three holes at each depth). At each sampling date, approximately 100 g of soil was removed per sampling depth. Molecular analysis was performed on the samples obtained on the last sampling date.
Orchard sampling. In addition to soil sampling from lysimeters, soil was also sampled (at a depth of 15 cm) from a sandy-loam grapefruit orchard located in Ramat-Hakovesh in northern Israel. Three samples of FAW-irrigated orchard soil and three samples of effluent-irrigated soil were taken for molecular analysis on January 2000, at the end of a 9-month irrigation period of four irrigations per week. The physical and chemical characteristics of the orchard soil were similar to those of the lysimeters (data not shown). The grapefruit orchard was first planted in 1980, and since 1995 the plots have been irrigated either with effluent or FAW with nitrogen, phosphorus, and potassium content similar to that of the effluent. The ammonium concentration in the FAW was designed to be similar to the sum of ammonium and organic nitrogen concentrations in effluent. The properties of the irrigation waters are summarized in Table 2 .
Nitrogen compounds in waters and lysimeters soils. Ammonium and nitrate concentrations were determined in the effluent, in the FAW, and in 1 N KCl extracts of soil with a Lachat System IV flow injection autoanalyzer (Lachat, Milwaukee, Wis.). The sum of organic nitrogen and ammonium concentrations in effluents used to irrigate the lysimeters was measured using a rapid wet digestion method for N and P, as described previously (33) . Total nitrogen concentrations in effluents used to irrigate the orchard were measured using the Kjeldahl method (4) .
BOD. Biological oxygen demand (BOD) was measured using a HACH BOD apparatus (model 2173B; HACH Company, Loveland, Colo.) in accordance with the manufacturer's instructions.
pH and EC in soil. pH and electroconductivity (EC) in soil were measured in water extracts of a 1:2 soil-to-water ratio. pH was measured with an El-Hama pH meter (El-Hama Instruments, Rosh Pina, Israel). EC was measured with an ElHama conductometer TH 27.
DNA extraction and purification from soil and effluent. DNA was extracted either from 0.4 g of soil or from a pellet of a 500-ml effluent sample centrifuged at 4,000 ϫ g for 5 min. DNA was extracted using a FastPrep machine (Bio 101, Holbrook, N.Y.) with the FastSoil DNA purification kit (Bio 101, Vista, Calif.) in accordance with the manufacturer's instructions.
PCR and DGGE analysis of amoA fragments. Fragments (491 bp) of the amoA gene were enzymatically amplified using a 1650 Air Thermo-Cycler (Idaho Technology, Idaho Falls, Idaho) with the primers amoA-1F and amoA-2R (28) . A GC clamp (5Ј-CCGCCGCGCGGCGGGCGGGGCGGGGGCACGGGG-3Ј) was attached to the forward primer in order to increase DGGE gel separation (18) . Reactions were performed in accordance with the manufacturer's recommendations in a total volume of 50 l by using 40 mM MgCl 2 reaction buffer (Idaho Technology), 1.5 U of Taq DNA polymerase (RedTaq; Sigma, St. Louis, Mo.), 1 l of template DNA, 50 pmol of each primer, 20 nmol of each deoxynucleoside triphosphate, and 12.5 g of bovine serum albumin. Thermal cycling was carried out with an initial denaturation step of 94°C for 30 s followed by 35 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 20 s, and elongation at 72°C for 40 s; cycling was completed by a final elongation step of 72°C for 2 min. The presence and size of the amplification products were determined by agarose (2%) gel electrophoresis of the reaction product and ethidium bromide staining.
DGGE analysis was performed with a D-Gene system (Bio-Rad, Hercules, Calif.) using the following ingredients and conditions: 1ϫ TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA [pH 8.3]); 1-mm thick gels; a denaturant gradient of 20 to 50% urea-formamide at 60°C (19) ; 250 V for 3 h. Ethidium bromidestained DGGE gels were photographed on a UV transillumination table (302 nm) with a Kodak digital camera, and inverse images were prepared with Photoshop version 4.0 (Adobe). Alternatively, gels were photographed using a Polaroid camera, and pictures were scanned and prepared with Photoshop.
Excision and reamplification of DGGE bands. DGGE bands were carefully excised on an UV transilluminator with a scalpel and subsequently transferred to a 1.5-ml tube containing 500 l of TE and 500 mg of glass beads (0.75-to 1.0-mm diameter). The acrylamide was disrupted by bead beating (FastPrep, Bio101) at maximum speed for 1 min. The samples were incubated for 30 min at 37°C, and b Calculated as the sum of the nitrate concentration (determined with a Lachat System IV flow injection autoanalyzer) and ammonium and organic nitrogen concentrations (measured using the rapid wet digestion method for N and P [33] ).
c ND, not determined.
1 l of the supernatant was subsequently used for reamplification of the DNA fragment. A second DGGE analysis was performed to confirm that only one band was reamplified and that it had the same position in the gel as the excised band.
Cloning of PCR products. The pGEM-T Easy Vector System (Promega, Madison, Wis.) was used for cloning of excised and reamplified DGGE bands. Ligation and transformation reactions were performed according to the manufacturer's instructions. Clones were screened by suspending colony material in the PCR mixture and amplifying as described before. Plasmids from selected colonies were purified with the Wizard Plus Miniprep DNA Purification System (Promega) according to the manufacturer's instructions.
Sequencing. Clones were sequenced using the Applied Biosystems PRISM Dye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq DNA polymerase. The sequencing products were analyzed with an Applied Biosystems 377 DNA sequencer.
Phylogenetic analyses. Nucleotide and deduced amoA amino acid sequences were analyzed using the program package ARB (http://www.biol.chemie.tu _munchen.de/Pub/ARB). Phylogenetic analyses were performed by applying protein parsimony (PHYLIP 3.55), neighbor-joining (using the PAM correction), and maximum likelihood programs implemented in the ARB software package. The topologies of the resulting trees were compared. Branching order was supported by all methods. Primer sequences were not included in the phylogenetic analyses.
Nucleotide sequence accession numbers. The sequences discussed in this study are available from EMBL under accession numbers AF353246 to AF353264.
RESULTS
Ammonium input. Ammonium concentration in the FAW used for irrigation was 31.0 mg liter Ϫ1 N-NH 4 ϩ ( Table 2) . Assuming a fast mineralization rate of organic nitrogen to ammonium in the effluents, the average ammonium concentration in the effluents used for irrigation was 26.0 mg liter Ϫ1 N-NH 4 ϩ ( Table 2 ) (2). Inorganic nitrogen compounds in soil. Average nitrate concentrations in the soil samples obtained from the effluent-and FAW-irrigated lysimeters with plants were less than 1.5 g/g of soil at both depths, on the first and second sampling dates (Fig.  1) . However, during the last sampling, nitrate concentrations in the lysimeters increased at a depth of 15 cm in both the effluent-and the FAW-irrigated soils, to 17 and 16 g/g of soil, respectively. A similar trend was observed in the lysimeters with no plants (Fig. 1) . In these lysimeters, nitrate concentrations on the first and second sampling dates were similarly low (less than 5 g/g of soil) at both depths. On the last sampling date, nitrate concentrations at the depth of 15 cm increased to 16 and 37 g/g of soil in the effluent-and FAW-irrigated lysimeters, respectively. At a depth of 65 cm, nitrate concentrations remained low during the entire irrigation season, in all irrigation treatments.
The soil ammonium concentrations in the lysimeters with and without plants increased from a range of 6 to 10 g/g of soil during the first sampling to a range of 13 to 21 g/g of soil during the second sampling, and then they decreased to a range of 0 to 10 g/g of soil during the last sampling (Fig. 2) . Ammonium concentrations in the lysimeters with plants at all depths approached near-identical values in the final analysis.
In brief summary, the highest ammonium concentrations at the depth of 15 cm were observed in all of the samples during the second sampling, and the highest nitrate concentrations were observed during the last sampling.
pH and EC in soil. pH measurements of replicate lysimeter soils taken during the final sampling period indicated that the average pH values of the effluent-and FAW-irrigated lysimeters differed by no more than 0.1 pH units, being between 7.4 and 7.6 (data not shown).
A similar trend was observed in the orchard soil. Average pH values of the effluent-irrigated orchard soil were 0.1 pH units higher than the pH values of the FAW-irrigated orchard soil (data not shown).
EC measurements of replicate lysimeter soils taken during the last sampling period revealed that the EC of both effluentand FAW-irrigated lysimeters with plants were 0.17 dS m Ϫ1 . Similarly, average EC values for orchard soil at the end of the irrigation period were 0.19 and 0.18 dS m Ϫ1 in the effluent-and FAW-irrigated soils, respectively. AOB community composition in lysimeter soil. Analysis of the AOB community composition by PCR-DGGE was performed on all lysimeters, with and without plants. Figure 3 presents the DGGE banding pattern of amoA fragments amplified from total DNA extracted during the third sampling, from all the lysimeters and depths studied, with the exception of one sample from a depth of 65 cm which amplified poorly. Examination of the DGGE showed that banding patterns obtained from identically treated lysimeters were similar and that two main general distributions of dominant bands were present. Dominant DGGE bands detected in the FAW-irrigated soils (w2521, w627, and w2404) migrated to the lower third of the gel, while those detected in the effluent-irrigated soils migrated both to the lower (w2521 and w2404) and to the upper (w637, w614, w735, w716, w1203 and w537) third of the gel (Fig. 3) . In only one of the FAW-irrigated lysimeters was a band detected in the upper third of the gel (w2406).
Ten bands were excised from the DGGE gel and sequenced. All excised fragments were confirmed as amoA by sequence analysis, with the exception of one fragment which was detected in the upper third of the gel in only one of the FAWirrigated lysimeters (w2406). Sequence analysis also revealed that the bands in the lower third of the DGGE gel (w2521, w627, and w2404) were phylogenetically most closely related to Nitrosospira species, while the bands in the upper third of the gel (w637, w614, w735, w716, w1203, and w537) were phylogenetically most closely related to Nitrosomonas species (Fig. 3  and 4) .
AOB community composition in orchard soils. Figure 5 presents the DGGE banding pattern of amoA fragments amplified from orchard soil samples. Since banding patterns obtained from similar irrigation treatments were similar, only one representative sample of each treatment is represented.
In FAW-irrigated orchard soil samples, a single DGGE band was detected in the lower third of the DGGE gel (w923), while in the effluent-irrigated soil bands were detected both in the upper (w1710) and the lower (w923, w1009, and w2215) third (Fig. 5) . Sequence analyses of these bands confirmed their phylogenetic affiliation with the sequences obtained from the lysimeter experiment (Fig. 4) . A single Nitrosospira-like sequence was detected in the FAW-irrigated orchard (w923), while both Nitrosomonas-like (w1710) and Nitrosospira-like (w1009, w923, and w2215) sequences were found in the effluent-irrigated orchard.
Six of the seven Nitrosomonas-like sequences obtained from the effluent-irrigated soils of the lysimeter and the orchard experiment were grouped into one cluster with Nitrosomonas nitrosa. The only Nitrosomonas-like sequence which did not cluster within this group was w735, obtained from the 65-cm depth of an effluent-irrigated lysimeter, which grouped with Nitrosomonas europaea (Fig. 4) . All seven sequences related to Nitrosomonas obtained from the effluent-irrigated soils belonged to the N. europaea-Nitrosococcus mobilis cluster (27) (Fig. 4) . Three of the six Nitrosospira-like sequences obtained from the lysimeters and orchard soils grouped into one cluster together with Nitrosospira (formerly Nitrosolobus) multiformis. The other three bands (w627, w2521, and w923) clustered with the soil isolate Nitrosospira sp. AHB1.
AOB community composition in the effluent. DGGE analysis of PCR products obtained from two samples of effluents used to irrigate the lysimeters (taken from different dates) indicated that only one strong band in the middle third of the gel was detected for each effluent sample (w915 and w1101) (Fig. 5) . Both sequences migrated differently from all of the bands in soil samples. The two bands, although migrating similarly on the DGGE gel, were determined to be different organisms, based on amoA sequence analysis. This analysis revealed that both were closely related to Nitrosomonas oligotropha of the Nitrosomonas marina cluster and were distinctly different from the Nitrosomonas-like sequences obtained from the effluent-irrigated soils (27) (Fig. 4) .
DISCUSSION
New developments in the application of molecular methods to the study of AOB have increased our ability to characterize microbial diversity and population shifts in environmental systems. These developments include the design of a new set of PCR primers that specifically amplify a fragment of amoA, a functional molecular marker for the ␤-subgroup of AOB (27, 28, 30) , and also the use of DGGE to separate the PCRamplified fragments on the basis of sequence composition. In this study, we present the first application of amoA DGGE to the study of AOB in complex environmental systems. The predominant AOB populations identified in this study, Nitrosospira-like species and Nitrosomonas-like species, were readily separated by DGGE analyses. Specifically, all six analyzed amoA bands which migrated to the lower third of the DGGE gel were determined to be phylogenetically related to Nitrosospira species, while all amoA bands migrating to the upper third of the gel were phylogenetically associated with Nitrosomonas species. Furthermore, bands consisting of highly similar sequences (i.e., bands w614 and w716, differing by 2 bp and identical in amino acid sequence) were clearly separated on the DGGE gel. The only band which migrated to the upper third of the gel and was not phylogenetically associated with Nitrosomonas species was determined not to be an amoA sequence (w2406). It is important to note that the amoA primers have two degenerate nucleotide positions (28); thus, generally, one PCR-amplified amoA sequence might be represented in two separate DGGE bands. However, no such case was observed in this research.
The findings of this study suggest that irrigation with wastewater effluent altered the predominant AOB population in the soil, as compared to soil irrigated with FAW. Towards the end of the irrigation period, Nitrosospira-like sequences were dominant in FAW-irrigated soil (Fig. 3, 4 , and 5) and Nitrosomonas populations were absent, while in the effluent-irrigated soil both Nitrosospira-like and Nitrosomonas-like sequences were present (Fig. 3, 4, and 5 ). This community change manifested itself in a consistent manner in an established orchard and in lysimeters with and without plants.
Three of the six Nitrosospira-like sequences obtained in this study were phylogenetically related to N. multiformis (Fig. 4) , which is known to be among the most common soil AOB (25) . The other three bands clustered with a Nitrosospira species isolated from fertilized heath soil (Nitrosospira sp. AHB1) (3). Six of the seven Nitrosomonas-like sequences obtained from the effluent-irrigated soils in the lysimeter and orchard experiments clustered with N. nitrosa (Fig. 4) , an AOB commonly found in eutrophic environments (10) . The only Nitrosomonaslike sequence which did not cluster within this group was obtained from a depth of 65 cm of an effluent-irrigated lysimeter (w735) and grouped with N. europaea (Fig. 4) . This finding may reflect the different conditions at the 65-cm depth.
In addition to population shifts, we also noted that effluentirrigated systems supported more complex communities of AOB. In the FAW-irrigated systems, only a few Nitrosospiralike sequences were detected from the last sampling event (Fig.  3, 4 , and 5), while in the effluent-irrigated systems additional Nitrosospira-like and Nitrosomonas-like sequences were detected.
The Nitrosomonas-like sequences identified in the effluentirrigated soil in this study were clearly different than the Nitrosomonas-like sequences identified in the effluent used for irrigation. The sequences obtained from the effluents from different dates were closely related to each other and to N. oligotropha, which is commonly detected in industrial sewage disposal systems (10), but they were divergent from the effluent-irrigated soil clones (Fig. 4) . Two possible mechanisms for this scenario may be considered. First, the Nitrosomonas-like species present in the effluent-irrigated soil originated from the soil and were selected for by the environmental conditions, which changed after irrigation with the effluent. The second possibility is that these species originated from the effluent itself but were either below the PCR-DGGE detection limit (approximately 1% of the target community [19] ) or originated from the effluent used for irrigation during the first year of irrigation (this period was not analyzed). Currently, there is no information to resolve this issue. Regardless of the origin of the Nitrosomonas species, it is clear that the dominant Nitrosomonas species in the wastewater were unable to dominate in the effluent-irrigated soil.
As was demonstrated, the addition of effluent to the soil systems consistently favored the development of alternate Nitrosomonas populations in these soil communities, in addition to the already-present Nitrosospira populations. Several factors are considered in examining this shift in the microbial population from that found in the soil irrigated with FAW and that from the original effluent. Previous work has suggested that ammonium concentration determines which AOB species will dominate an environmental niche (29) . However, ammonium concentration does not appear to explain solely the community shift in the systems examined in this study. Assuming a fast mineralization rate of organic nitrogen to ammonium in the effluents (2), ammonium inputs in the FAW-and effluentirrigated soils were similar ( Table 2) . One of the differences in the constitution of the effluent and FAW was the BOD. The effluent water contained high organic levels (BOD, 44.6 mg liter Ϫ1 ) compared to the FAW (BOD, 0 mg liter Ϫ1 ). Previous studies have indicated that the growth of Nitrosomonas populations are encouraged in soil plots amended with swine manure (6) , and in other organic-rich environments, such as activated sludge and biofilm reactors, Nitrosomonas species are readily detected (28, 34) . It is possible that in effluent-irrigated soil, as in other organic-rich environments, environmental conditions favor Nitrosomonas species.
Additional determinants of the AOB population structure in environmental systems may be soil pH and salt concentration. Specifically, different Nitrosospira species have been shown to develop in neutral and acid soils (31, 32) . However, no significant differences in pH and salt concentration were detected in the different irrigation systems (data not shown).
Surprisingly, the salient shifts in microbial community between the effluent-and FAW-irrigated soils seem not to have been accompanied by significant shifts in community function.
In the lysimeters with plants, measurements of nitrate and ammonium were similar, particularly in the final sampling period. Significant nitrate development in the lysimeters with or without plants was seen only at the depth of 15 cm on the third sampling date (82 days), although it may have begun to accrete anytime after the second sampling period (55 days). Likewise, a decrease in the soil ammonium concentration was not seen until the third sampling period ( Fig. 1 and 2 ). These results may suggest higher nitrification rates only toward the end of the 3-month irrigation period and are consistent with the slow growth rates of AOB. The chemical analysis has also demonstrated that nitrate concentrations were significantly lower at the depth of 65 cm. Several factors may result in this difference, including a smaller AOB population. In general, it should be noted, however, that both ammonium and nitrate concentrations may also be affected by other processes, such as denitrification and leaching.
Similar trends in population shifts were noted between lysimeters with or without plants, suggesting that the plants were not critical factors in the determination of AOB community. The observation is remarkable since plant roots are generally known to affect soil microflora (21) . This study has demonstrated that DGGE of the amoA fragment is a powerful tool in evaluating AOB populations in natural samples. Such studies may provide not only insight into the distribution and diversity of AOB but may also help in assessing their response to changing environmental conditions. FIG. 4 . Phylogenetic tree constructed for partial amoA gene sequences, based upon 151 deduced amino acid sites. The tree was produced by using a neighbor-joining algorithm. The tree shows the relationship between cultured AOB and environmental sequences obtained from effluent-irrigated soil in lysimeters (EfLS) or orchard (EfOS), exclusively; effluent-or FAW-irrigated soil from lysimeters (LS) or orchard (OS); and effluents used for irrigation (EfW). The bar indicates an estimated 10% sequence divergence. The cluster nomenclature is that of Purkhold et al. (27) .
